Background: Several studies have reported the benefits of olfactory training (OT) in the olfactory nervous system of mouse models. Therefore, in this study we performed next-generation sequencing to evaluate the effects of OT on mRNA sequencing in the olfactory area.
A pproximately 5% of the general population is considered anosmic, and an additional 15% is considered hyposmic. 1 Despite numerous studies that have shown a regenerative ability for olfactory receptor neurons, few treatment options have been proven effective for dysosmia. 2, 3 Numerous therapeutic strategies have been proposed, such as the use of strychnine, zinc, theophylline, lipoic acid, and caroverine. [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the effectiveness of most of these regimens is unclear, the usefulness of corticosteroids in sensorineural dysfunction-related olfactory loss is established. This is supported by the observation that systemic steroids are helpful in sensorineural dysfunction-related olfactory loss. However, some patients cannot use oral steroids because of systemic complications. In particular, the longterm use of steroids can result in more severe complications, such as stroke, heart disease, and diabetes. 13 Recently, olfactory training (OT) has been shown to improve olfactory function in humans. [14] [15] [16] A recent systematic review and meta-analysis suggested that OT may be an effective intervention for patients with olfactory dysfunction. 17 Most other studies have reported positive outcomes of OT with regard to olfaction, without significant adverse effects. The olfactory system exhibits extraordinary plasticity because of mechanisms that have been investigated extensively at the cognitive and cellular levels. [18] [19] [20] However, mechanisms underlying the neural plasticity of the olfactory system are still under investigation.
Therefore, in this study, we hypothesized that the OT would have positive effects in an anosmia model and aimed to determine the mechanism of olfactory disturbance recovery.
Materials and methods

Subjects
Thirty healthy female C57BL6 mice (age 9-10 weeks, weight 18-20 g) were randomly allocated to the following 4 groups: control, n = 6; anosmia, n = 8; training, n = 8; and steroid, n = 8. All animals received care according to our institutional animal care and use committee guidelines. 3-Methylindol (3MI) was given intraperitoneally (IP) at a dose of 300 mg/kg of mouse weight, except for the control group. Dexamethasone 1 mg/kg IP was given to the steroid group.
Olfactory training
OT was performed over a period of 3 weeks. The mice were exposed 3 times daily to 4 odorants: pine, cinnamon, lemon, and peppermint. The lemon and cinnamon odorants were chosen as representatives of the 4 odor categories included in the Korean version of the Sniffin' Sticks (KVSS) test. 21 The animals were placed in a plastic case with a cover (total volume: 200 mm wide × 260 mm diameter × 130 mm height) with 1 of the 4 odorants in each. Each mouse was exposed to the odorants for 1 minute each, with a rest period of 2 minutes between each odorant to prevent olfactory fatigue. 15 
Behavioral tests
Induction and recovery from anosmia were assessed with a food-finding test (FFT). The mice were deprived of food for 1 day and then released for 3 minutes into a T maze, in which a food pellet was buried beneath sawdust at the end of 1 of 2 horizontal arms. 22 The food pellet (cheese, 1 × 2 cm) was randomly placed in 1 arm of the maze. Each test mouse started at the base of the T, and then walked forward and searched for the hidden food while the elapsed time was recorded. Sawdust was changed after each test. The subjects were considered to "pass" the test if they found the food within 3 minutes. Five repeated trials were completed for each test and the animals were considered not to be "anosmic" if they passed the test more than 3 times within 3 min. The FFT was performed at 5 different times for each mouse. The first FFT was performed before the 3MI injection to determine whether the olfactory functions of the subjects were normal. The second test was performed 3 days after the 3MI injection to evaluate whether the induction of anosmia was complete. The third FFT was performed 1 week after OT to evaluate recovery from anosmia. The fourth FFT was performed 2 weeks after OT. Finally, the fifth FFT was performed 3 weeks after OT.
Identification and harvest of whole olfactory neuroepithelium
The mice were euthanized at 2 and 3 weeks after OT. After the head was bisected, the olfactory neuroepithelium was used for immunohistologic examination, Western immunoblotting, and real-time polymerase chain reaction (PCR). All the dissecting procedures were performed under an operating microscope. The posterior half of the nasal cavity contains convoluted structures formed by a bone core, which is called the ethmoturbinate, and is lined with olfactory epithelium, which contains olfactory receptor neurons. Under the microscope, the entire ethmoturbinate was harvested with microscissors.
Total RNA extraction
Total RNA was isolated using TRIzol reagent (Invitrogen, USA). RNA quantity was determined by spectrophotometer (Nanodrop One C; Thermo Fisher Scientific, USA) with a ratio of absorbance of >1.7 at 260 and 280 nm.
Library preparation and sequencing
For control and test RNAs, the construction of library was performed using QuantSeq 3' mRNA-Seq Library Prep Kit (Lexogen, Inc, Austria) according to the manufacturer's instructions. In brief, each 500 ng total RNA were prepared and an oligo-dT primer containing an Illumina-compatible sequence at its 5' end was hybridized to the RNA and reverse transcription was performed. After degradation of the RNA template, second-strand synthesis was initiated by a random primer containing an Illumina-compatible linker sequence at its 5' end. The double-stranded library was purified by using magnetic beads to remove all reaction components. The library was amplified to add the complete adapter sequences required for cluster generation. The finished library is purified from PCR components. Highthroughput sequencing was performed as single-end 75 sequencing using the NextSeq 500 (Illumina, Inc, USA).
Data analysis
The QuantSeq 3' mRNA-Seq reads were aligned using Bowtie2 (Langmead and Salzberg, 2012). Bowtie2 indices OMP, Olfr1507, ADCY3, and GNAL mRNA levels were significant higher in the 2-week olfactory training group than the anosmia group (control vs training in OMP, p = 0.004; anosmia vs training in Olfr1507, p = 0.030; anosmia vs training in ADCY3, p = 0.023; control vs training, p = 0.024; anosmia vs training in GNAL, p = 0.015). * p < 0.05. ADCY3 = adenylyl cyclase 3; GNAL = guanine nucleotide-binding protein G(olf) subunit alpha; Olfr1507 = olfactory receptor 1507; OMP = olfactory marker protein.
were either generated from genome assembly sequence or the representative transcript sequences for aligning to the genome and transcriptome. The alignment file was used for assembling transcripts, estimating their abundances and detecting differential expression of genes. The differentially expressed gene was determined based on counts from unique and multiple alignments using coverage in Bedtools (Quinlan, 2010). The read count (RC) data were processed based on quantile normalization method using EdgeR within R (R Development Core Team, 2016) using 
Quantification by real-time PCR
RNA was obtained using a Trizol prep method and cDNA synthesis was done using DNase I (Thermo Fisher, USA) with a cDNA synthesis kit (Promega, USA) following the manufacturer's method. Real-time PCR was performed using GoTaq R qPCR Master Mix (Promega, USA) as a CFX96 real-time system (Bio-Rad, USA). Real-time PCR reactions were optimized to 95°C for 2 minutes, 38 amplification cycles at 95°C for 15 seconds, 65°C for 1 minute. Primer sets were designed as follows: OMP, F: 
Western blot analysis
For Western blot analysis, samples were obtained from experimental mice and dipped in liquid nitrogen and stored at -70°C. 
Statistical analysis
Statistical analyses were performed using statistical software (SPSS version 19.0, SPSS, Inc). Differences among groups were analyzed using the Kruskal-Wallis test. In cases of statistical significance, the ranked parameters were compared by one-way analysis of variance and Bonferroni multiple comparison tests (PASW Statistics 18; SPSS, Inc). In all analyses, p < 0.05 was considered significant.
Results
Behavioral tests
The first FFT was administered to each mouse before a 3MI injection to determine whether the olfactory functions of the subjects were normal at the start of the experiment. All mice found the food within 30 seconds and passed the baseline test. None of the subjects were able to find the food within 3 minutes in any of the second tests. The anosmic mice were observed occasionally wandering around the maze and did not recognize the buried cheese when it was accidently exposed during a food-finding trial. The third FFT was administered 1 week after OT. All 8 anosmic mice and 8 OT mice and steroid-treated mice failed to recognize the buried cheese in all trials at FFT 1. All 8 OT mice were observed to actively search and sniff in the sawdust and were able to find the food within 3 minutes on 4 occasions over 5 trials at FFT 3. OT mice found food significantly faster than the anosmia and steroid groups at FFT 3. Almost all mice showed olfaction recovery at FFT 4 based on the FFT (Fig. 1 ). 
Real-time PCR and Western blot analyses
OMP, Olfr1507, ADCY3, and GNAL mRNA levels in the olfactory neuroepithelium were evaluated using real-time PCR. OMP, Olfr1507, ADCY3, and GNAL mRNA levels were significantly higher in the 2-week OT group than in the anosmia group (control vs training in OMP, p < 0.01; anosmia vs training in Olfr1507, p < 0.05; anosmia vs training in ADCY3, p < 0.05; control vs training, p < 0.05; anosmia vs training in GNAL, p = 0.015; Fig. 2 ). However, at 3 weeks after OT, ADCY3 and GNAL mRNA levels were higher in the OT group than in the anosmia group (control vs training in ADCY3, p < 0.01; control vs training in GNAL, p < 0.01; Fig. 3 ).
Gene ontology
Scatterplots displaying differentially expressed mRNAs are presented in Figure 4 . The gene ontology analysis results of the differentially expressed mRNAs are shown in Figures 5 and 6 . We focused especially on neurogenesis, inflammatory response, extracellular matrix, and olfaction (fold change of 1.5, log2 normalized read count of 4 to minimize false counts). Comparison of the anosmia vs control groups revealed that 3656 mRNAs were upregulated and 19,626 were downregulated at 2 weeks. Further, 6910 mRNAs were upregulated and 16,371 were downregulated at 3 weeks. Comparison of the OT vs control groups revealed that 4505 mRNAs were upregulated and 18,777 were downregulated at 2 weeks. Moreover, 10,644 mR-NAs were upregulated and 12,637 were downregulated at 3 weeks. Comparison of the steroid-treated vs control groups revealed that 5074 mRNAs were upregulated and 4795 were downregulated at 2 weeks. In addition, 6839 mRNAs were upregulated and 16,442 were downregulated at 3 weeks. Comparison of the anosmia, steroid-treated and OT groups revealed that olfactory receptor-regulated gene and neurogenesis-related genes were changed in a stepwise manner at 2 and 3 weeks progressively (Table 1 ). For gene ontology in our study, ADCY8 and ADCY10 genes were upregulated in the OT group after 2 weeks OT. Further, NGFR and NGFRAP1 genes were upregulated after 3-week OT, not after 2-week OT. Anosmia group showed increases in ADCY1 and 8 after 3-week OT ( Table 1) .
Western blot analysis
Western blot analysis was performed to detect protein expression of OMP and olfr1507 in the OT group compared with the anosmia group (Fig. 7) . These results show that OT positively affected induction of OMP and Olfr1507 in the anosmia mouse model. Further, OT may accelerate OMP and Olfr1507 activation during olfactory recovery state.
Discussion
Recent studies have shown that olfactory disorders occur at a much higher rate than previously assumed. 21, 23 However, regardless of how long it may take for olfactory recovery, olfactory loss has been shown to have a severe impact on the quality of life in some patients. 24 Despite the fact that numerous studies have shown a regenerative ability for olfactory receptor neurons, few treatment options have been proven effective for post-upper respiratory infection dysosmia. 2, 9 Repeated exposure of healthy individuals to odorants was shown to significantly increase olfactory sensitivity. 25 Further, results of the OT metaanalysis were consistent with the reported results of individual studies, primarily with regard to improvement in thresholddiscrimination-identification (TDI) score in patients with olfactory loss. 17 Furthermore, in our study, we showed that OT effectively improved olfactory disturbance. 26 We hypothesized that OT would have a positive effect in both human and animal models. As such, we suggested clarifying the mechanism of olfactory disturbance and recovery in this study using an anosmia mouse model. There were several studies that established an animal model of olfactory dysfunction using 3MI or ZnSO 4 . A magnetic resonance imaging (MRI) technique identified mucosal damage to the nasal passages of mice resulting from exposure to respiratory toxicants in those studies [27] [28] [29] 3MI was chosen as a nasal toxicant because systemic administration of this compound in mice results in a wellcharacterized necrotizing nasal lesion that is restricted to the olfactory mucosa.
OT improved olfaction significantly in the anomic mouse model in our study. The mRNA expression of OMP and Olfr1507 increased significantly in the OT group compared with the anosmia group after 2-week OT. After 3 weeks of OT, mRNA expression of ADCY3 and GNAL increased significantly in the OT group relative to the anosmia group.
Most ADCY are integral membrane proteins involved in transducing extracellular signals into intracellular responses. GNAL are involved as modulators or transducers in various transmembrane signaling systems. In particular, G(olf) alpha mediates signal transduction within the olfactory neuroepithelium. 30 Thus, the peak times of olfactory receptor stimulation and neurotrophic stimulation were faster in the OT group than in the anosmia group. Further, based on our findings, the order of stimulation was olfactory receptor stimulation followed by neurotrophic stimulation during olfaction recovery in the OT group.
As such, we surmised that the first mechanism of olfactory regeneration may be related to activation of olfactory receptor during OT, and the subsequent mechanism of olfactory recovery may be related to neurotrophic stimulation.
In the FFT, the OT group significantly recovered their olfaction after 2-week OT. However, the steroid group recovered olfaction slowly, similar to the anosmia group, which recovered naturally.
Initially, we thought that the main effect of OT was to increase olfactory recovery in comparison to the anosmia and steroid groups. However, the final recovery results showed similar states in the 3 groups (anosmia, steroid-treated, and OT groups) based on the results of our FFT.
We postulate that a fast recovery of olfaction can prevent embarrassment, despair, anxiety, and depression of olfactory disturbance and also increase the quality of life of patients. It is one of the clinical and scientific bases to conduct OT in the olfactory dysfunction state.
Regarding our gene ontology data, genes related with the extracellular matrix and inflammatory response were upregulated in the steroid group. In contrast, genes associated with the immune response and neurogenesis were increased simultaneously in the OT group. The results of our study show that the main olfactory recovery mechanism in the OT group was related to neurogenesis, which differed from the inflammatory effect in the steroid group.
We can hypothesize that OT initially stimulates the olfactory receptor directly during olfaction recovery. ADCY and GNAL enzymatic activity may be increased first in the OT group during the early recovery period. Subsequently, OT may stimulate the nervous system in a stepwise manner. As such, neurotrophic factors, such as GFAP and NGFR, may be increased in our gene ontology data. Further, these neurotrophic factors may stimulate neural plasticity of the central nervous system, which is associated with olfaction. In other studies, the olfactory system was shown to exhibit extraordinary plasticity due to mechanisms that have been extensively investigated at the cognition and cellular levels. 18, 19 In addition, there is a decrease in olfactory function in many neurologic conditions. 31 Neural plasticity with regard to olfactory loss may have widespread implications for brain function. 19 It is known that sensory loss often entails functional and structural modifications in the central nervous system. 32, 33 Therefore, the mechanisms of neural plasticity in the olfactory system are under study, because olfactory loss is among the first symptoms of neurodegenerative disorders, such as Alzheimer disease (AD) and Parkinson disease (PD). 19, [31] [32] [33] [34] [35] In other studies, PD patients and controls underwent cognitive assessment with the neuropsychological battery and Mini-Mental State Examination and olfactory assessment with Sniffin' Sticks screening. In their result, the cognitive domain correlated with olfactory loss in PD patients. 36 Another study group investigated the utility and efficiency of the brief smell test in PD patients. 37 In other studies, PD patients underwent an acute levodopa challenge for the clinical prediction of longterm dopaminergic responses, and olfactory testing with the Sniffin' Sticks test was evaluated. 38 The combination of responses to acute levodopa challenge with hyposmia according to the total olfactory score improved sensitivity for the early diagnosis of PD. 38 The relationship between olfactory dysfunction, clinical symptoms, and the potential mechanisms of olfactory dysfunction in AD are currently under study. 39 The mechanism of olfactory disturbance in AD involves neurotoxic effects, which include atrophy of hippocampal cells due to abnormally low concentrations of neurotrophic factors, including brain-derived neurotrophic factor (BDNF). 35 Understanding the extent and mechanisms of plasticity in the olfactory system may provide insight into the brain mechanisms underlying recovery and reorganization. 19 These findings suggest that OT may induce extensive reorganizational processes in more than just olfactory areas; that is, OT may strengthen cognitive function beyond olfactory perception. In addition to the central effects of OT manifesting as network changes, there was a statistical improvement in the odor detection threshold in other studies. 40, 41 When OT was conducted, BDNF was increased. Further, these neurotrophic factors can promote dopaminergic neuron differentiation. BDNF is a member of the neurotrophin family of growth factors, 42 which are related to the canonical nerve growth factor. NGFR is one of the general nerve growth factors. As such, increasing NGFR might be evidence of nerve regeneration. 43 NGFR serves as a low-affinity common receptor subunit for multiple neurotrophins (NGF, BDNF, neurotrophin-3 [NT-3], and neurotrophin-4/5 [NT-4/5]). 44 GFAP is the intermediate filament expressed in astrocytes. Increasing GFAP can stimulate astrocytes or astrocyte-type olfactory ensheathing cells (OECs). 45 In other words, OT can promote OEC production or activity. OECs are also viable candidates for cell therapy, which can improve neuropathic pain and motor function in patients with spinal cord injury through multiple mechanisms, including phagocytosis of axonal debris, migration toward glial scars, and secretion of neurotrophic factors. 46 Olfactory neuronal plasticity showed increased activity in a functional MRI during OT in other studies. 47 Functional connectivity analysis revealed different functional connectivity of the major olfactory areas before and after olfactory training. Before olfactory training, a widespread network encompassing largely non-olfactory regions was observed. After olfactory training, these non-olfactory network connections dispersed; only 1 significant connection with the major olfactory areas was retained. 47 In summary, OT may stimulate significant olfactory recovery. The olfactory regeneration mechanism may be related to olfactory receptor stimulation first, followed by neurotrophic factor stimulation. OT may induce fast recovery of olfactory disturbance compared with spontaneous recovery and steroid treatment in our study. Further, the mechanism may be related to neuronal plasticity through neurotropic factors.
A limitation of our study was the lack of an ideal anosmia mouse model. Due to various causes of olfactory disturbance, trauma, post-upper respiratory infection, nasal surgery, drug, etc, we will attempt to create a more suitable anosmia mouse model as the cause.
Conclusion
OT improved olfactory function and increased the olfactory recovery time. The olfactory regeneration mechanism may be related to olfactory receptor and neurotrophic factor stimulation. Our results indicate that olfactory training may be a useful modality for treating olfactory impairments in the future.
